Background/Objectives: Exposure to polycyclic aromatic hydrocarbons (PAHs) during pregnancy is known to increase oxidative stress, which may influence pregnancy outcomes and health of the child. Subjects/Methods: This study investigated whether fruit and vegetable intake modifies the relationship between exposure to PAHs and oxidative stress status during pregnancy. Urinary levels of 2-naphthol and 1-hydroxypyrene (biomarkers of exposure to PAHs), and malondialdehyde (MDA; a biomarker of oxidative stress) were analyzed in 715 pregnant women at 12-28 weeks of gestation. The dietary antioxidant intake during pregnancy was estimated using the 24-h recall method. Urinary 2-naphthol, 1-hydroxypyrene and MDA levels were analyzed by high-performance liquid chromatography-fluorescence detection. Results: The urinary MDA level was positively correlated with the 2-naphthol level (r ¼ 0.255, Po0.001) and 1-hydroxypyrene level (r ¼ 0.240, Po0.001). Multiple regression analysis after adjustment for covariates revealed that the urinary 1-hydroxypyrene level was positively associated with the MDA level; these positive associations only existed in pregnant women, with either the fruit and vegetable intake or the vitamin C intake in the first tertile (o390.1 g/day) or in the first and second tertiles (o141.5 mg/day), respectively. Conclusions: These results suggest that an adequate maternal intake of fruit, vegetables and vitamin C is beneficial to the defense against the oxidative stress associated with exposure to PAHs in pregnant women.
Introduction
The increasing exposure to environmental pollution has become one of the leading public concerns in many countries around the world. Polycyclic aromatic hydrocarbons (PAHs) are a family of chemicals that are produced because of the incomplete combustion of organic products and are significant contributors to the carcinogenicity of air pollution (Peluso et al., 2001; Castaño-Vinyals et al., 2004; Vineis and Husgafvel-Pursiainen, 2005) . Humans are exposed to PAHs through a variety of sources, including occupational exposure, smoking, diet, drinking water and outdoor/indoor air particulates (Lijinsky, 1991; Ovrebø et al., 1992; Kang et al., 2005) . Exposure to PAHs during pregnancy is known to increase the risk of adverse pregnancy outcomes, such as preeclampsia (Wu et al., 2009) and fetal growth retardation (Dejmek et al., 2000) . There is now also evidence that prenatal PAH exposure is associated with a reduction in physical growth at birth (Perera et al., 1998 (Perera et al., , 2003 and in the child's subsequent cognitive development (Perera et al., 2006 (Perera et al., , 2009 Tang et al., 2008) .
The harmful effects of exposure to PAHs are thought to be attributable to oxidative stress. PAHs can induce the production of reactive oxygen species by forming quinone metabolites (Flowers et al., 1997; Bolton et al., 2000; Singh et al., 2007) and cause oxidative stress by raising malondialdehyde (MDA) levels in the blood (Caux et al., 2002) and urine (Pan et al., 2008; Bae et al., 2010; Liu et al., 2010) . There is some evidence that oxidative stress can be ameliorated by sufficient intake of fruit and vegetables, which are rich in vitamin C and other antioxidative nutrients (Barber and Harris, 1994; Collins, 2005) , through their antioxidant defense mechanism.
Increased oxidative stress as a result of exposure to PAHs can represent a health risk for both pregnant women and their babies, and so it is very important to establish whether dietary factors can indeed ameliorate that oxidative stress in pregnant women. Therefore, the aim of this study was to determine whether fruit and vegetable intake influences the relationship between the exposure to PAHs and oxidative stress status in normal pregnant women.
Subjects and methods

Study subjects and data collection
This research forms part of the Mothers and Children's Environmental Health Study, which is a multicenter (Seoul, metropolitan area; Ulsan, industrial area; and Cheonan, medium-sized urban area), prospective, cohort study performed in South Korea. Comprehensive information about the study is available elsewhere (Kim et al., 2009 ). The study sample comprised pregnant women at midpregnancy (that is, 12-28 weeks of gestation) of a normal (not-at-risk) pregnancy who were willing to participate after receiving written information about the study. In total, 1610 pregnant women were recruited between August 2006 and October 2009. After excluding 25 subjects who delivered twins, 22 who had a miscarriage and 26 with pregnancy complications (hypertension or diabetes), the remaining 1537 pregnant women included 211 without dietary intake data, 611 without urinary 2-naphthol, 1-hydroxypyrene or MDA concentrations at midpregnancy. Therefore, 715 subjects were included in the final analysis. The study protocols and consent forms were approved by the institutional review boards at Ewha Womans University School of Medicine, Dankook University Hospital, and Ulsan University Hospital. All subjects provided informed consent to participate in the study, and they were interviewed by trained interviewers. Urine samples were collected, and dietary questionnaires were administered on the same day. General information on demographic factors, socioeconomic factors and healthrelated behaviors (including the use of dietary supplements) was gathered directly from the pregnant women. The method used to survey the general characteristics has been described in detail elsewhere (Kim et al., 2011) .
Dietary assessment
Dietary data were collected by 1-day, 24-h recall for intake on the day before urine sampling. Experienced, well-trained dietary interviewers instructed the respondents to recall and describe all of the foods and beverages that they had consumed over the past 24 h. Information about portion sizes was gathered according to defined units by writing down on a form. The food items most frequently eaten were set as models in a defined unit and were shown to the subjects to increase the accuracy of their reporting. The household portions in each subject's record were converted to weights (in grams). The subjects' dietary intakes of nutrients and food groups were quantified using a computer-aided nutritional analysis program (CAN-Pro 3.0, Korean Nutrition Society, Seoul, Korea).
Urinary sample analysis
Maternal urine samples were stored in freezers until they could be delivered to a specialized laboratory for analysis. The urinary 2-naphthol, 1-hydroxypyrene and MDA levels were analyzed by high-performance liquid chromatographyfluorescence detection (Bae et al., 2010) . All data were adjusted relative to the urinary creatinine level to correct for urine volume.
Statistical analysis
The data are expressed as the median (5th percentile, 95th percentile) because of the skewed distribution of data. The differences in urinary biomarkers of PAH exposure and oxidative stress according to the categories or tertiles of participant characteristics and dietary intakes were analyzed with Mann-Whitney or Kruskal-Wallis test. Correlations between biomarkers of PAH exposure and oxidative stress and dietary intakes were analyzed by Spearman's correlation test. As a significant interaction between the PAH exposure biomarkers and fruit and vegetable or between PAH exposure biomarkers and vitamin C was observed, subjects were divided into three groups according to tertiles of dietary fruit and vegetable intake or vitamin C intake. The relationship between biomarkers of PAH exposure and oxidative stress by fruit and vegetable intake according to our hypothesis was tested using multiple regression analysis. For multiple regression analysis, urine biomarkers of PAH exposure and oxidative stress were log transformed to normalize their distributions. Adjustment was performed for potential confounding variables that were either statistically significant in univariate analyses or known to be potentially important factors related to oxidative stress in pregnant women, such as maternal age, prepregnancy body Fruit and vegetable and PAH exposure with MDA H Kim et al mass index, level of family income, urinary cotinine level, gestational age at urine collection, use of dietary supplements, local centers, interaction between level of family income and local centers and total food intake. The statistical analyses were performed with the SPSS statistical package (version 12.0, SPSS, Chicago, IL, USA) and SAS software (SAS 9.2, SAS Institute, Cary, NC, USA). All reported probability tests were two sided, and the differences were considered significant at the 5% level.
Results
Study population characteristics
The participants were 30.1 ± 3.6 years old and had a prepregnancy body mass index of 21.7 ± 3.3 kg/m 2 . The mean daily intakes of fruit and vegetables at midpregnancy were 329.4 g/day (range 0-2155 g/day) and 257.4 g/day (range 0-1113.6 g/day), respectively. The mean intake of vitamin C among the pregnant women was 136.6 mg/day (range 9.1-1140.4 mg/day), with about half (53.3%) of them having an intake less than the recommended dietary intake of 110 mg/day. Urinary 2-naphthol, 1-hydroxypyrene and MDA levels per g of creatinine were 12.1±18.8 ng, 0.5 ± 0.5 ng, and 2.0 ± 1.5 mmol, respectively. The general characteristics and nutrient intake did not differ between the included and excluded subjects (data not shown).
About 52% of the pregnant women took dietary supplements, and urinary 2-naphthol was lower in dietary supplement users than non-users (Table 1) . Pregnant women with urinary cotinine in the first or second tertile had lower urinary 2-naphthol and 1-hydroxypyrene concentrations than those in the third tertile. Urinary MDA was lower in women with 12-28 weeks of gestational age than those with 21-28 weeks. Table 2 shows the biomarkers of PAH exposure and oxidative stress by food and nutrient intakes in pregnant women. Pregnant women with total food intake in the third tertile had lower urinary MDA concentrations than those in the first or second tertile.
Relationship between the intake of fruit and vegetables and vitamin C, and biomarkers of PAH exposure and oxidative stress The urinary MDA level was positively correlated with 2-naphthol (r ¼ 0.255, Po0.001) and 1-hydroxypyrene levels (r ¼ 0.240, Po0.001). There were weak negative correlations between MDA level during pregnancy and the intakes of fruit and vegetables (r ¼ -0.061, Po0.01) and vitamin C (r ¼ -0.049, Po0.2). The fruit and vegetable intake was positively correlated with the intakes of vitamin C (r ¼ 0.677, Po0.001), vitamin E (r ¼ 0.195, Po0.001) and b-carotene (r ¼ 0.277, Po0.001; data not shown). Multiple regression analysis after adjustment for covariates showed a positive relationship between 1-hydroxypyrene and MDA levels in pregnant women, with fruit and vegetables intake in the first tertile. However, this relationship did not exist in those with fruit and vegetables intake in the second or third tertile. The maternal 2-naphthol and 1-hydroxypyrene level was positively associated with the urinary MDA level after adjusting for confounding factors; this association only existed in pregnant women with the dietary vitamin C intake in the first or second tertile (Table 3) .
Discussion
In our pregnant women, we found a positive correlation between urinary biomarkers for PAH exposure, namely, 2-naphthol and 1-hydroxypyrene, and MDA, which is a marker for oxidative stress. The positive relationship between the urinary excretions of 1-hydroxypyrene and MDA has been observed among workers in steel foundries (Liu et al., 2010) and Chinese restaurants (Pan et al., 2008) , and schoolchildren (Bae et al., 2010) . However, we believe that this is the first study showing a positive correlation between 1-hydroypyrene and MDA levels in pregnant women.
Exposure to these PAH compounds in pregnant women has been related to adverse birth outcomes. It has been reported that the estimated exposure to carcinogenic PAHs in early gestation and the levels of PAH-DNA adducts in cord blood are associated with intrauterine growth retardation (Dejmek et al., 2000) , lower birth weight, reduced length and head circumference (Perera et al., 1998; Choi and Perera, 2011) . In addition, a prospective cohort study involving residents of New York City found that prenatal exposure to airborne PAHs was associated with reduced Mental Developmental Index scores at 3 years of age (Perera et al., 2006) and IQ at 5 years of age (Perera et al., 2009) . These adverse effects of PAH exposure during pregnancy may appear because PAHs can cause oxidative stress through the formation of quinone metabolites of PAHs, which can induce reactive oxygen species via redox cycling (Flowers et al., 1997; Bolton et al., 2000; Singh et al., 2007) . Rossner et al. (2009) observed a correlation between the marker of oxidative stress, 8-oxodeoxyguanosine, and markers of carcinogenic PAH exposure, underscoring the close link between the fetus and mother.
We also found that the positive relationship between 1-hydroxypyrene and MDA levels varied with the fruit and vegetable intake or the vitamin C intake. When the intakes of fruit and vegetables or vitamin C are high, the positive correlation between PAH exposure biomarker 1-hydroxypyrene and oxidative stress marker MDA no longer exists, suggesting that a high intake of dietary fruit and vegetables or vitamin C during pregnancy can influence the association between PAH exposure and oxidative stress.
These effects of fruit and vegetables on the relationship between PAH exposure and oxidative stress could be due to various constituents of fruit and vegetables, such as vitamin C, vitamin E, carotenoids including b-carotene, and phytochemicals (Rice-Evans and Miller, 1996) , contributing to the antioxidant mechanism by scavenging free radicals (Leonard Fruit and vegetable and PAH exposure with MDA H Kim et al , 2002) . However, we found that, unlike the case for vitamin C, the relationship between PAH exposure and oxidative stress was not modified by vitamin E or b-carotene. Several investigators have demonstrated that vitamin E is far less effective at inhibiting lipid peroxidation than is vitamin C (Frei et al., 1989; Lehr et al., 1995) . Vitamin C, the most prominent water-soluble micronutrient, forms the first line of antioxidant defense in the plasma against oxidation by scavenging a wide array of reactive oxygen species and free radicals (Rumbold and Crowther, 2005) . Meanwhile, it has been suggested that b-carotene is a much weaker antioxidant than vitamin E (Palozza and Krinsky, 1992) .
Another point to consider regarding the beneficial effects of fruit and vegetables on the relationship between PAH exposure and MDA level is that women who do the cooking at home may be exposed to cooking oil fumes containing PAHs, which are associated with an increases urinary level of MDA (Pan et al., 2008) , indicating increased lipid oxidation as a result of oxidative stress. Moreover, oxidative stress is known to increase during pregnancy, even in a normal pregnancy (Myatt et al., 2000; Myatt and Cui, 2004) . It has also been reported that the MDA level is higher in pregnant women than in non-pregnant women (Morris et al., 1998; Mihailović et al., 2000) . In other words, pregnant women can Fruit and vegetable and PAH exposure with MDA H Kim et al easily be exposed to oxidative stress, possibly as a result of PAH exposure while cooking and as a result of conception itself. Considering that maternal oxidative stress has a major role in the pathophysiology of preeclampsia (Raijmakers et al., 2004; Kim et al., 2005a) through endothelial dysfunction or adverse pregnancy outcomes such as intrauterine growth retardation (Karowicz-Biliń ska et al., 2002; Biri et al., 2007) and low-birth weight delivery (Scholl and Stein, 2001; Matsubasa et al., 2002; Kim et al., 2005b) , the finding that high intakes of fruit, vegetables and vitamin C in pregnant women can negate the relationship between PAH exposure and MDA level is very encouraging. In this study, the influence of vitamin C on the relationship between PAH exposure and oxidative stress no longer existed when we performed regression analysis by dividing pregnant women into users of vitamin C supplements and non-users, whereby total vitamin C intake was calculated by summing vitamin C intake from supplements. Therefore, it is suggested that pregnant women should ameliorate the oxidative stress associated with exposure to PAHs during pregnancy by increasing their fruit and vegetable intake rather than by using supplements. Moreover, these modulation effects were still present, regardless of the individual intakes of fruit and vegetables relative to the total intake. In other words, we found that consuming fruit and vegetables exerts a beneficial role, regardless of their relative quantities.
Although the intake of fruit and vegetables affected the relationship between urinary 1-hydroxypyrene and MDA levels, no such influence appeared in the relationship between 2-napthol and MDA levels. Although the positive relationship between 2-napthol and MDA levels was not negated, it was reduced by a high intake of fruit and vegetables. The 1-hydroxypyrene can be absorbed through the skin, the respiratory tract and the gastrointestinal tract (Jongeneelen et al., 1987) , and can be affected by factors such as diet and smoking (IARC, 1987) , whereas 2-napthol is mainly absorbed via inhalation (Jongeneelen et al., 1987) and reflects more specifically the ambient PAH exposure (Kang et al., 2005) . Although we do not know the precise mechanism underlying this observation, it may occur due to differences in the metabolism of PAHs mediated by endogenous mechanisms because the routes of exposure and absorption of two biomarkers differ.
This study has a certain limitation that we did not assess the exposure to PAH via food consumption, which is an important route of PAH exposure. However, the exposure to PAHs in most people may be similar because the level of PAHs in food sources is thought to be consistent within the same area (Fiala et al., 2001) . We depended on the collection of maternal dietary intake data only from a 24-h recall, which may be less dependable than the 3-day dietary recall. However, our dietary interviewers were well trained, which minimized potential errors in assessing dietary intakes. Nonetheless, our study has several advantages. First, to the best of our knowledge, this is the first study to investigate the association between the intakes of fruit, vegetables and vitamin C, PAH exposure, and oxidative stress in pregnant women. Second, this research was a multicenter prospective cohort study performed on a large scale. Third, information on the identified and potential confounding factors was included in the analysis.
In conclusion, we found that adequate maternal intakes of fruit, vegetables and vitamin C may have a beneficial role in the defense against the oxidative stress associated with exposure to PAHs in pregnant women. Even in the presence of exposure to PAHs, the MDA levels might not increase in pregnant women who consume at least seven servings per day of fruit and vegetables. Considering that previous studies have shown reduced risk of preeclampsia with higher intake of fruit and vegetables (Longo-Mbenza et al., 2008; Brantsaeter et al., 2009) , the findings of our study can be utilized in health and nutrition promotion or nutrition education programs to help prevent adverse pregnancy outcomes. Further studies are warranted to explore the mechanisms underlying the negating action of the fruit, vegetable and vitamin C intakes on the relationship between PAH exposure and oxidative stress, and the implications of these results in relation to adverse pregnancy outcomes.
